Since the 1960s, NASA has performed numerous rendezvous and docking missions. The common element of all US rendezvous and docking is that the spacecraft has always been piloted by astronauts. Only
INTRODUCTION Orbital intends to integrate an Advanced Video Guidance Sensor (AVGS) and Autonomous Rendezvous and Proximity Operations (ARPO) algorithms into a Pegasus upper stage in order to
demonstrate the capability to autonomously rendezvous with an object currently in orbit. An artist's illustration of the close approach between chase and target vehicles is shown in Figure 1 .
This flight demonstration has the following objectives:
• Demonstrate autonomous orbit transfer and rendezvous from a parking orbit to a point in the vicinity of the target spacecraft at which the AVGS will be used for navigation.
• Demonstrate AVGS capabilities.
• Demonstrate various approach techniques (Rbar, Vbar, Circumnavigation).
• Demonstrate station keeping on the Rbar a distance of 50 meters from the target.
• Demonstrate station keeping on the Vbar at a distance of 15 meters from the target.
• Demonstrate station keeping on the docking port axis at a distance of 5 m from the target.
• Demonstrate autonomous operations following loss of AVGS lock and reacquisition, and
• Demonstrate Collision Avoidance Maneuver (CAM).
• Depart the vicinity of the MUBLCOM spacecraft and perform a propellant depletion sequence so as to reduce the orbital lifetime of the DART vehicle.
• Validate ground test results of the AVGS and ARPO algorithms.
• Validate ground simulations/test facilities with Autonomous rendezvous and proximity operations are vital to the Level I objectives of SLI; namely reducing the cost of delivering payloads to orbit and reducing probability of loss of crew. A key element in the development of the SLI architectures has been the separation of crew and cargo missions. This separation affords cost and safety benefits in that the cargo missions do not need crew escape systems and life support systems. This represents a direct savings in available weight capacity to orbit. Furthermore, by reducing the overall number of manned missions, risks to humans are reduced. Autonomous capability is an enabling technology ingredient in all unmanned cargo missions.
Over the lifecycle of 2nd Generation Reusable Launch Vehicle (2GRLV), significant infrastructure savings can be realized through reductions in cost of supporting ground operations.
In addition to enabling unmanned cargo missions, autonomous rendezvous and proximity operations also helps achieve SLI cost and safety objectives for manned vehicles. By reducing the reliance on piloting skills in the human occupants of manned vehicles, increased flexibility is achieved in mission planning and manifesting. Improvements in safety are afforded by enabling semi-autonomous retrieval and/or rescue scenarios, where vehicle occupants may not be capable of pilot functions. Finally, the AVGS technology can also be applied directly to existing and future avionics designs as a piloting aid. During proximity and docking operations, the AVGS can provide the pilot with accurate relative attitude information to aid in manual docking.
MISSION OVERVIEW
The DART vehicle will be launched aboard a Pegasus XL launch vehicle. Figure 2 presents the standard Pegasus launch procedure that will be employed to deliver the DART vehicle to orbit. Pegasus XL is a Approximately 10 minutes after launch, the Pegasus will deliver the DART vehicle to a circular parking orbit at an altitude of 500 km that will be designed to match the inclination and ascending node of the MUBLCOM orbit. At this point, the launch vehicle mission is complete and the DART space mission begins.
After being placed in the initial parking orbit, DART will complete the on-orbit checkout phase of the mission.
This will involve verifying that valid navigation state estimates exist for the DART and target vehicles prior to beginning the rendezvous phase of the mission. DART will remain in this parking orbit until the appropriate phasing exists to initiate a HAPS burn that will begin a transfer to phasing orbit 2, as shown in Retroreflectors designed for use with the AVUS have been installed along the edge of the central ring (detail not visible in Figure 5 , but shown pictorially in Figure 6 ). Note that the antenna boom extends along the axis pointing towards the Earth. During the Mission, MUBLCOM will be 3 axis stabilized in a fixed yaw position with its X-axis aligned with the velocity vector. The retroreflectors are aligned with the MUBLCOM X-axis, such that the chase vehicle can approach from behind target (i.e., in the negative velocity vector). The retroreflectors are divided into two sets; a long range set and a short range set. The MUBLCOM satellite also includes a set of far-range retroreflectors designed to allow laser tracking from a ground station.
These are nearly symmetrically arranged around the nadir-pointing boom (+Z axis).
Salient interface requirements for the target vehicle are as follows: 1) must be three axis stabilized (within 3 sigma in yaw, 0.11 deg/sec yaw rate), 2) must have retroreflectors with known geometry (at least three with one out of plane), and 3) must broadcast its GPS position information to the chase vehicle.
Theory of operation for the AVGS is illustrated in Figure 7 . This theory of operation is unchanged from the VGS technology as described in REFERENCES 4 and 6. The target vehicle is equipped with at least three retoflectors. These are specially designed, space-grade, corner cubes that will return reflect light back to its source. The chase vehicle will illuminate the target vehicle with two different wavelength infrared laser 
Data and Control Subsystem
The Data and Control Subsystem diagram is provided in Figure 10 The SIGI has the capability to provide pure inertial, GPS-only, or blended GPS/INS navigation solutions.
The SIGI includes a Collins GEM GPS receiver capable of tracking up to five GPS satellites simultaneously.
However, the primary navigation data will be provided by an separate and external GPS receiver as discussed below. The SIGI will primarily be used to provide attitude data during the DART mission. The SIGI blended GPS/INS navigation solution will be available for use in the event of a failure in the primary GPS receiver.
The DART vehicle will include a stand-alone GPS receiver to provide the primary navigation data. The Surrey GPS Receiver supports two independent antennas. These have been separated by 1 80 degrees on the DART vehicle; one at 0 degrees and one at 180
degrees. This will provide optimum GPS constellation coverage. The SIGI supports one antenna input. This has been located at 0 degrees (pointing away from earth for most of the DART mission profile). There is a RF switch (SW-5) to switch to a down stage antenna during the Pegasus launch as the DART antenna is covered by a RF opaque fairing during launch. Note, the Surrey Figure 13 . DART RF Block Diagram GPS antennas are also covered during launch, therefore no GPS data will be collected from the SGR-10 during the launch phase; it will be initialized once in orbit.
The DART vehicle is equipped with a visual analog camera subsystem to provide real time down linked imagery during the DART mission. This will be used during post mission data processing as a source of truth data for the AVGS. The subsystem is comprised of a camera, a power supply (not shown), an S-Band video Transmitter (TX-4) and an S-band antenna. The camera The DART vehicle will include a UHF receiver and antenna used to gather state information transmitted by the target vehicle. Prior to launch of the DART mission, ephemeris data describing the target vehicle orbit will be entered into the DART flight computer. This target state data will then be propagated by the DART flight computer for the duration of the rendezvous. The state propagation is not expected to be accurate enough to allow a safe approach to AVGS acquisition range. The UHF system will be used to obtain near-realtime GPS updates as measured by the target spacecraft GPS receiver that can be used to improve the accuracy of the target vehicle state estimate. The minimum range of the UHF system has been conservatively estimated at 100 km. The UHF receiver has been developed by Orbital Science's Space
Systems Group based on designs used in previous satellites.
The DART vehicle will include two 5 Watt S-Band transmitters to relay stored telemetry data to ground stations. The use of redundant transmitters will increase the probability that the science data required to verify mission success and evaluate AVGS performance will still be obtained in the unlikely event of a transmitter failure. The telemetry system will employ two hemispherical antennas placed on opposite sides of the DART vehicle to provide near-360°c
overage. This antenna configuration will match the Pegasus baseline design with no changes anticipated for the DART mission.
Propulsion Subsystem
The DART vehicle will be controlled using a combination of three propulsion subsystems.
1) The HAPS consists of three hydrazine thrusters, 2) The HAPS also includes a set of 6 cold-gas 3) The AVGS Bus includes a set of 16 cold-gas nitrogen thrusters (3.6 N or 0.8 lbf each) for translational and attitude control during proximity operations. These thrusters are driven by MACH VDMs when commanded by the Flight Computer.
The DART nitrogen tank will be capable of holding at least 22.68 kg (50 Ibm) of propellant. The specific impulse of these thrusters will be 60 seconds. A block diagram of the DART RCS is provided in Figure 16 . End to End mission simulations employing C-based flight code have been performed as part of CDR. These simulations have shown that the design is exceptionally tolerant to severe GN&C dispersions and stress cases, including Navigation outages. It is useful to view a typical simulation response with the current design. 
